Tolerance to headward and footward accelerations is seriously limited by cardiovascular impairment. During forward acceleration, when the subject is so oriented that the inertial effect experienced is transverse to the long axis of the body and directed front to back, toleration is increased, but substernal pain, sensation of pressure on the chest and abdomen, dyspnea and difficulty in inspiring (1) become the limiting factors. Vital capacity and maximal breathing capacity decrease while respiratory frequency and minute voltume increase (2) . X-rays of the thorax reveal elevation of the diaphragm and shortening of the anteroposterior diameter resembling forced expiration (13) . These changes in pulmonary physiology are similar to those that have been described during negative pressure breathing (4) (5) (6) (7) . Since the net inertial effect of forward acceleration resembles a compressive force applied to the body while the subject continues to breath ambient air, it seemed reasonable to assume that forward acceleration simulates negative pressure breathing in a manner analogous to breathing ambient air while submerged under water (5, 8) . In order to test this hypothesis, measurements were made of the pressure-volume relationships and the changes in lung volumes occurring during forward acceleration. METHODS 1. Subjects. Four healthy adult males between the ages of 23 and 30, experienced in riding the free-swinging cab of the human centrifuge at the Biomedical Laboratory, were used as subjects. Measurements were obtained while the subjects were lying on a nylon net seat facing the center of rotation with the trunk perpendicular to the inertial force, hips and knees flexed 900 and head and back tilted forward 120 from the horizontal (Figure 1 ).
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2. Lung volumies. Vital capacity, expiratory reserve, inspiratory reserve and tidal air were measured at 1, 2, 3 and 4 G from a 9 L Benedict Roth recording spirometer with the CO2 absorber in place. Residual volume at 1 and 4 G was determined by the method of Lundsgaard and Van Slyke (9) as modified by Rahn, Fenn and Otis (10) . Residual volume at 4 G was measured by having the subject expire to his maximal end-expiratory position while at 4 G. The centrifuge was then rapidly stopped while the subject maintained this lung volume. The equilibration with 100 per cent oxygen required by the method was then carried out at 1 G. The concentration of N2 in the expired gas sample was determined by a Waters Conley nitrogen analyzer.
The relative change in the residual air, but not its absolute volume, was measured in the following manner. At 1 G the subjects expired into a spirometer to their maximal end-expiratory position. While still in communication with the spirometer, they were then rapidly accelerated to 4 G. Any shift in the spirometer tracing then represented a change in residual volume.
3. Static relaxation pressure-volume curves. Lung volumes were measured as above and tabulated as percentage of vital capacity. To measure intrapulmonic pressure a polyethylene tube 0.5 cm in diameter and 40 cm in length was fitted into one nostril through a sponge rubber stopper. The tube was attached to a Statham strain gage pressure transducer and the results transcribed on a Sanborn multichannel recorder. Control values at rest, or 1 G, were obtained by the subject's inspiring from the maximal end-expiratory position to a given lung volume. Then while the subject held his breath at the desired lung volume, the mouthpiece was removed, and with mouth closed, glottis open and subject relaxed, intrapulmonic pressure was recorded. Each subject furnished approximately 130 pressure readings over the entire range of his vital capacity.
The above procedure was repeated in order to obtain the relaxation pressure-volume curves during forward acceleration. After a lung volume was obtained, the mouthpiece removed and the subject relaxed, the centrifuge was accelerated to 2, 3 and 4 G plateaus for 2 to difficulty in obtaining the curves in this manner, this method was not used throughout. Also, since the subjects could obtain larger lung volumes at 1 G than they could while being accelerated, the first method enabled us to extend the relaxation pressure-volume curves to 85 per cent of the 1 G vital capacity at all accelerations.
4. Dynamic pressure-volume loops. Estimation of the total pulmonary work of breathing at 1 and 4 G was obtained by measuring the areas of pressure-volume respiratory loops (11) . Each subject was instructed to relax while being ventilated by a Seeler paramedic resuscitator (type XMA-4), whose line pressure and inflow resistance The pressure-volume respiratory loops were recorded directly on an Electronics for Medicine recorder from the integrated flow signal and the mask pressure transducer signal. The recorder and the pneumotachygraph were calibrated dynamically with a constant-volume pump. The response was constant and independent of frequency. Pressure-volume respiratory loops were then recorded at both 1 and 4 G for all subj ects.
The areas measured to determine the work of breathing at 1 and 4 G are shown in Figure 2 . The total work was divided into its elastic and non-elastic components, and calculated by the usual method (5, 11, 12) . For example, at 1 G elastic work is represented by the area ACD and the non-elastic work by the cross-hatched area. At 4 G, since the pressure-volume curve as shown in Figure   4 is displaced 15 mm of Hg to the right by the compressive force of acceleration, additional work must be done to overcome this force. Therefore, the origin of the pressure-volume loop at 4 G was placed at a positive 15 mm of Hg to illustrate this additional work of breathing. However, the recorded mask pressure at the beginning of inspiration regardless of the acceleration was actually zero. This is comparable with the method used by Rahn, Otis, Chadwick and .Fenn (5) to calculate the work of respiration during positive pressure breathing. Elastic work is, therefore, calculated to be equal to the area EACD, while non-elastic work remains the cross-hatched area. Although, for simplicity, the work necessary to overcome this compressive force is included with the total elastic work, it must be kept in mind that this work may not be elastic in its true meaning. From these pressure-volume loops, total dynamic pulmonary compliance, i.e., the distensibility of the entire respiratory apparatus, including lungs and chest bellows, was measured from the slope of the line connecting points of zero air flow. 2. Static relaxation pressure-volume relationships. The weighted mean static relaxation pressure-volume curves for 1, 2, 3 and 4 G are plotted in Figure 4 , with the volumes expressed as percentage of the 1 G vital capacity. As acceleration increases, intrapulmonic pressure increases for a constant volume displacing the relaxation pressure-volume curve progressively downward and to the right. The difference between each curve by the paired t test is significant with a p < 0.01 (13) .
The slopes of the relaxation pressure-volume curves for each G appear identical. However, if static compliance is measured from the end-expiratory position at each G and over a pressure change of 5 mm of Hg, the static total pulmonary compliance becomes progressively smaller as ac- Table II. mechanical work (11) , the increment of work between 1 and 4 G rather than the absolute value is meaningful. The total work of breathing approximately doubled from 1 to 4 G, with the increase being entirely in the "elastic work" component. There was no change in non-elastic work. The total dynamic pulmonary compliance decreased from 1 to 4 G. This change was highly significant by the method of significance of differences between means (13).
DISCUSSION
It has become evident that with the accelerations necessary for successful space flight, the subject must be oriented so that the inertial effect is transverse to the long axis of the body. In this position the anticipated rocket acceleration patterns for manned space vehicles are tolerable by humans. Indefinite tolerance to forward acceleration, however, is limited by respiratory embarrassment (1) . It has been shown that the respiratory defect during transverse acceleration is primarily restrictive since the maximal breathing capacity and 0.5 second vital capacity decrease less rapidly than does the total vital capacity (2) . It has also been demonstrated that oxygen consumption increases (16) . Therefore, it appears that forward acceleration from a mechanical aspect applies an added load upon the muscles of respiration, decreasing lung volumes and increasing work without evidence of bronchial obstruction. The experiments reported in this paper offer further evidence for this concept.
As acceleration increases, intrapulmonic pressure increases for a constant lung volume. The increase is the same for each G regardless of the lung volume (Figure 4 ). This implies that while breathing ambient air the respiratory pump is working against an additional resistance which, in our studies, at 4 G is equivalent to approximately 15 mm of Hg. One might describe this accelerative force by saying that it effectively increases the weight of the thorax and lung which in turn compresses the volume of air within the alveoli. We have elected to term this force PG since it appears to be a constant for each level of acceleration. Rahn and co-workers (5) analyzed the relaxation pressure (Pr) as the algebraic sum of two fractions, the lung elasticity (PI) and the chest elasticity (Pc) where the latter includes all of the elastic or gravitational factors other than those of the lung itself. During acceleration the relaxation pressure at each G is greater than the resting relaxation pressure by an amount equal to PG.
Non-elastic work between 1 and 4 G does not change. However, because of the additional resistance to inspiration offered by forward acceleration (PG), "elastic" and total work of breathing double. The change in compliance adds only a small fraction of this increase in "elastic" work. In other experiments, it has been observed that respiratory frequency increases while tidal volume decreases during increasing forward acceleration (16) . This probably represents the optimal combination for minimizing the increase in the work of breathing (11, 17) . The cause of the increased oxygen requirement during acceleration described by two of the authors (16) is in all probability partly the result of this increased work.
The static total pulmonary compliance for each G over the same volume range is the same, indicating that there is no definite change in the overall elastic properties of the thorax and lung. However, if the static compliance is measured from an end-expiratory position, it progressively diminishes with increasing acceleration. Since the relaxation pressure-volume curves (Figure 4) are parallel, this decrease is the result of the fall in functional residual capacity (FRC) and pulmonary mid-position (18) (19) . Dynamic compliance also decreases during acceleration and probably for the same reason. Christie (20) and others (21, 22) have shown that compliance decreases with increasing respiratory frequency when airway resistance is increased. However, we have no evidence of increased airway resistance during acceleration since there is no change in non-elastic work or timed vital capacity.
During 4 G forward acceleration the relaxation pressure ( Figure 4 ) even at zero lung volume is positive. This was true regardless of the method used. The reasons for this are obscure. It is possible that blood pools into the pulmonary circuit upon relaxation after a forced expiration. or that during a forced expiration under acceleration there is air-trapping within alveoli, which is released upon relaxation. Regardless of the cause, it implies that inspiration during 4 G or greater for-ward acceleration is always active, regardless of the end-expiratory position, and complete relaxation of the inspiratory muscles does not occur.
Respiratory frequency during forward acceleration increases linearly at least up to 12 G (16). Since forward acceleration resembles chest compression, the increase in frequency may in part be due to stretch or proprioceptive reflexes. Culver and Rahn (23) have demonstrated that chest compression by pneumatic cuff or Drinker respirator results in a decrease in tidal volume and an increase in respiratory frequency, both of which can be nullified by vagal blocking.
All of the lung volumes decrease proportionately during forward acceleration, with the exception of residual volume. The largest percentage of reduction is in the expiratory reserve volume. This implies a downward shift of the mid-pulmonary position, and a decrease in the FRC. Agostoni, Thimm and Fenn (24) considered the FRC as a buffer zone for maintenance of alveolar composition. They demonstrated that as the FRC decreased, respiratory frequency increased, maintaining within small limits changes in the composition of alveolar air. This relationship between respiratory frequency and FRC is evident during forward acceleration (16) and would theoretically minimize fluctuations in alveolar gas composition and rate of work.
Residual volume between 1 and 4 G does not significantly change. This is surprising, since it was expected that during forward acceleration residual volume would decrease as the result of thoracic compression and increase in pulmonary blood volume. Changes in residual volume secondary to shifts in pulmonary blood volume have been demonstrated by Fowler, Guillet and Rahn (7) using continuous positive or negative pressure breathing in a Drinker respirator. However, these changes were small, and the degree of negative pressure breathing that produced a significant change far exceeded that which would be equivalent to 4 G acceleration. During acceleration, residual volume becomes a larger percentage of total lung capacity. Whether or not this increased ratio is significant enough to be a factor in altering gas exchange remains to be evaluated. This pattern of lung volumes is the same as that seen in other situations of thoracic constriction such as kyphoscoliosis and after encasing the thorax of a normal individual in a restricting corset (25, 26) .
The result described here support the hypothesis that mechanically forward acceleration resembles negative pressure breathing. This may be clarified if all the existing information is combined in one diagram, using as a model the pressure-volume diagram of the chest described by Rahn and associates (5) . They constructed the diagram from information obtained in relaxation pressure-volume curves, and lung volume changes as the result of negative and positive pressure breathing. We can construct a similar diagram ( Figure 5 ) using the same information by assuming that PG at various accelerations is equivalent to a pressure applied to the body in a manner analogous to the pressure applied to the body by a Drinker respirator during negative pressure breathing. Therefore, we can place the 4 G lung volumes at a negative 15 mm of Hg, and the 1, 2 and 3 G lung volumes at their respective pressures.
It is not meant to imply that all the abnormalities occurring in respiratory physiology during forward acceleration are the result of negative pressure breathing, as inequalities of perfusion, diffusion and ventilation may be present. However, this study provides a basis for the concept that positive pressure breathing may reverse the abnormalities of respiratory mechanics and increase the tolerance to forward acceleration.
The respiratory mechanics of forward acceleration were studied in four normal subjects. All of the lung volumes decreased proportionately with the exception of residual volume which became a larger fraction of the total lung capacity. The resting mid-pulmonary position decreased. As acceleration increased, intrapulmonic pressure increased for a constant volume, shifting the relaxation pressure-volume curve downward and to the right. Static and dynamic total pulmonary compliances decreased as a result of the decrease in functional residual capacity. Elastic work approximately doubled due to the work necessary to overcome acceleration resistance (PG). Nonelastic work did not change. Inspiration during 4 G acceleration was always active regardless of the end-expiratory position.
It is suggested that respiratory mechanics during forward acceleration and negative pressure breathing are similar.
